. However, the existing greenhouse assays with seedlings have not accurately predicted field Achenbach, 1996) . In both assays, disease is rated in with characterized field resistance to SDS were evaluated in the greenseedlings 2 wk after inoculation (Stephens et al., 1993a,b; house for scorch severity at three inoculum rates in four experiments. Melgar and Roy, 1994; Torto et al., 1996) . In the field,
house because the inoculum rate is higher (Ͼ10 000 variation in the field DX. Using a Fsg inoculum rate of 5000 spores spores cm Ϫ3 plant growth medium) in the greenhouse cm Ϫ3 plant growth medium and greenhouse midparent DS as criterion (Torto et al., 1996) than in the field (Ͻ5000 spores cm
Ϫ3
for selection, the number of lines potentially resistant to SDS within plant soil; . High pathogen rates overa segregating population could be reduced by 53%. Errors caused come both partial and complete plant resistance to dis-≈10% of field resistant lines to be eliminated. Among unrelated soyease pathogens (Parleviet, 1979; Tooley and Grau, 1982) bean cultivars, greenhouse DS values from an inoculum rate of 4000 including the soybean-Fsg interaction (Torto et al., spores cm Ϫ3 plant growth medium explained 81 and 73% of variations 1996; Gray and Achenbach, 1996; Hartman et al., 1997) .
in field DS and DX, respectively. Therefore, the method is an effective tool for inheritance studies and cultivar evaluation for SDS.
The objective of this study was to compare selection for field resistance to SDS in the greenhouse by leaf DS at three inoculum rates. S oybean sudden death syndrome significantly re-MATERIALS AND METHODS duces soybean yield in the midwestern USA and South America (Wrather et al., 1997;  The genetic material included 30 F 5:10 RILs (a subset of a Njiti et al., 1998b) . Protection against yield loss derives population of 100 lines) from the cross of 'Essex' (Smith and from the use of SDS-resistant cultivars (Gibson et al., Camper, 1973) ϫ 'Forrest' (Hartwig and Epps, 1973) and 10 soybean cultivars of diverse genetic background. Essex is sus-1994; Njiti et al., 1998b) . ceptible, while Forrest is resistant to SDS (Gibson et al., 1994;  In the greenhouse, monogenic resistance to leaf Hnetkovsky et al., 1996) . One of the RILs (ExF78) has been scorch was identified in 'Ripley' (Stephens et al., 1993a) released as germplasm under the name LS-G96 (Schmidt et and bigenic resistance to leaf scorch in 'P9451' (Ringler al., 1999) . LS-G96 is resistant to the soybean cyst nematode . Resistance to SDS in the field is (Heterodera glycine Ichinohe) and soybean SDS. The RILs partial (Njiti et al., , 1997 (Njiti et al., , 1998a Iqbal et al., 2001) , were selected by DX mean (Gibson et al., 1994) to include multi-genic (Hnetkovsky et al., 1996; Chang et al., 1996) , three classes (10 RILs per class) that contrasted for SDS DX and derived from both root resistance loci (Njiti et al., and DS scores by the mean of five field environments. The 1997 , 1998a Prabhu et al., 1999) and leaf scorch resisclasses were (i) field resistant, the 10 most resistant of the 100 tance loci (Gibson et al., 1994; Meksem et al., 1999) .
lines, eight of which were significantly more resistant than Forrest; (ii) field partially-resistant, the 10 lines around the Selection for SDS resistance in the field is complicated population median; and (iii) field SDS-susceptible; the 10 least by the quantitative nature of the trait and interactions resistant lines, all of which were more susceptible than Essex between resistance loci and the environment (Njiti et (Hnetkovsky et al., 1996) . Although SDS resistance in the field al., 1996) . Selection for stable and durable resistance to is an incomplete resistance in all cultivars and is controlled by SDS might be improved using controlled environmental several genes, resistance and partial resistance will be used to conditions in the greenhouse or growth chambers (Sterefer to SDS Classes 1 and 2, respectively, in this paper. The 10 diverse soybean genotypes included four cultivars that were V.N. Njiti, J. Johnson, T.A. Torto, and D.A. Lightfoot, Dept. of Plants, susceptible to SDS [Flyer (McBain et al., 1990) . The interaction terms (experiment ϫ inoculum rate, experiment ϫ SDS class, and experiment ϫ inoculum rate ϫ ley (Cooper et al., 1990) , 'Jack' (Nickell et al., 1990a) , 'Mano-SDS class) were tested to determine pooling data for mean kin ' (Kenworthy et al., 1996) , 'Hartwig' (Anand, 1992) , 'Ham- comparisons. The heritability (h 2 ) of DS within inoculum rate ilton ' (Nickell et al., 1990b) , and PI 520733].
was calculated from variance component (Nyquist, 1991) as The Fsg isolate (ST90) was isolated from SDS-infected roots of the soybean cultivar Spencer in Stonington, IL, in 1990 by single spore isolation (Stephens et al., 1993a by LSD (Gomez and Gomez, 1984 (Gray and Achenbach, 1996) . Means of DS at the high between 1 Nov. 1996 and 15 Mar. 2000. Plants were grown inoculum rate in the first experiment could not be deterwith a 14-h photoperiod, and the air temperature ranged from mined because of the death of numerous plants. Soil 20 Ϯ 2ЊC at night to 27 Ϯ 2ЊC during the day in the greenhouse.
All greenhouse experiments were planted in a randomized on a scale of 1 to 9 (1 ϭ 0-10%/1-5%, 2 ϭ 10-20%/6-10%, of leaf surface chlorosis/necrosis, respectively, 6 ϭ up to 33%
Experiment ϫ class 6 6 10 premature defoliation, 7 ϭ up to 66% premature defoliation, Inoculum rate ϫ class 4 17 8 Experiment ϫ inoculum rate ϫ class 10 11.8*** 13 8 ϭ Ͼ66% premature defoliation, and 9 ϭ premature death SDS disease incidence and DS. Disease incidence was the * Significant at the 0.05 probability level.
percentage of plants in the plot with visible SDS leaf symp-** Significant at the 0.01 probability level.
toms. Disease severity was rated using the same scale as for *** Significant at the 0.001 probability level.
greenhouse-grown plants, except it was average over all dis- † Missing degrees of freedom resulting from missing treatment.
ease plants in each plot. Disease index was then calculated as (DI * DS)/9, with a possible range of 0 (no disease) to 100 the field, low variation within class was expected for an effective assay. There was a significant interaction † SDS classes based on field disease index (five field environments). ‡ Means in the same column within experiment followed by the same between inoculum rate and line within SDS class. The seedlings in the greenhouse were 46, 66, and 37% for Analysis of variance across experiments and inoculum low, medium, and high inoculum rates, respectively (Tarates found a significant interaction between inoculum ble 3). These estimates were all lower than those obrate and experiment (Table 1) . Therefore, comparison of tained from replicated field studies for plants at the R6 inoculum rates was limited to within experiment (Tagrowth stage (Hnetkovsky et al., 1996) using the Essex ϫ ble 2). No significant interaction was found between Forrest RIL population. The modest heritability (Յ66%) experiment and SDS class or inoculum rate and SDS indicated that the greenhouse assay did not control all class. However, there was a significant three-way interenvironmental and developmental factors that can influaction of experiment ϫ inoculum rate ϫ SDS class (Taence SDS occurrence and severity in seedlings. Air temble 1). Therefore, comparison of SDS class means was perature varied (Ϯ2 ЊC) from bench to bench, and could conducted within experiment and inoculum rate (Tahave influenced soil temperature, which has been a mable 2). This interaction resulted from the differential jor factor influencing SDS occurrence and severity in response of the first two experiments compared with the field (Rupe et al., 1993) . The use of growth chambers the second two experiments. At a given inoculum rate, and water baths may enable us to test the effect of soil DS was higher for Experiments 1 and 2 (conducted temperature on heritability. earlier) than for Experiments 3 and 4 (conducted later).
Within each SDS class, SDS DS increased with inThese sets of experiments were conducted 4 yr apart, creasing inoculum rate (Table 4) . At the high inoculum using the same isolate of Fsg. Factors such as, but not rate, all three classes were highly susceptible (Table 4) , limited to, soil temperature, effective inoculum rate, and as expected (Stephens et al., 1993b; Torto et al., 1996 ; changes in the pathogen's ability to cause damage may Gray and Achenbach, 1996) . Therefore, high inoculum be responsible for the reduced DS observed in Experirates may be responsible for the breakdown of field ments 3 and 4.
SDS resistance in the greenhouse (Torto et al., 1996; SteAnalysis of variance across experiments within inocuphens et al., 1993b; Gray and Achenbach, 1996; Hartlum rate indicated that at the moderate inoculum rate man et al., 1997). (5000 spores cm Ϫ3 of plant growth medium), no signifiAt the low inoculum rate in Experiments 1 and 2, cant interaction occurred between SDS class and experiand moderate inoculum rate in Experiments 3 and 4 ment. In addition, only the moderate inoculum rate (Table 2) , the DS means of the field SDS-susceptible produced significant variation among SDS classes. Howclass were significantly higher than those of both the ever, comparison of SDS class means within experipartially-resistant and the resistant classes. However, the ments indicated that while the low inoculum rate was field partially-resistant and resistant classes were not sigeffective at separating SDS classes in Experiments 1 nificantly different from each other (Table 2) , although and 2, the moderate inoculum rate was effective in Exin the field, the class of genotype with partial resistance periments 1, 3, and 4. The spore rate in the low inoculum to SDS had a significantly higher DX mean (7.4%) than treatment (3300 spores cm Ϫ3 of plant growth medium) the class of genotypes with resistance to SDS (1.2%). Therefore, the greenhouse assay was not as effective as was similar to that in field hot spots (Roy et al., 1997) . disease severities contrasted with the absence of correla- † SDS resistance class based on greenhouse disease severity at moderate tions between field and greenhouse DS in previous tests inoculum rate (R ϭ SDS-resistant and S ϭ SDS-susceptible). (Torto et al., 1996) . The midparent value of DS within inoculum rate was an equally-replicated field study for separating cultivars used as the cut-off point for resistance in the greenhouse. with partial resistance from those with resistance.
At the low inoculum rate, while 20% of field resistant Simple regression analyses of greenhouse SDS DS lines were eliminated, there was a high rate of retenwith field DX indicated that the amount of variation in tion of field partially-resistant (90%) and field suscepfield DX explained by greenhouse DS was 40, 60, and tible (20%) lines. At the moderate inoculum rate, only 42% at the low, moderate, and high inoculum rates, 10% of field resistant lines were eliminated, and the respectively (Fig. 1) . Predicted values of field DX were proportion of lines retained was lower for field partiallycalculated for each inoculum rate (Fig. 1) using the preresistant (50%) and field susceptible (0%). At the high dictive equation: inoculum rate, the lower proportion of field partiallyresistant (30%) and susceptible lines (0%) retained was
offset by a higher proportion of field resistant lines elimwhere Y 1 ϭ the predicted value of field DX, a ϭ y-interinated (Table 4) . Therefore, the highest selection efficept, b ϭ slope of the regression line, and x ϭ greenciency of 42% [(selected field resistant/total selected) house DS. The y-intercepts were 12.7, Ϫ8.2, and Ϫ9.9
* 100] was achieved with the moderate inoculum rate. for low, moderate, and high inoculum rates, respectively. The slopes of regression lines were 13.3, 6.6, and 4.3 for CONCLUSIONS low, moderate, and high inoculum rates, respectively.
When DS values from the low and moderate inocuWhile significant variability was observed among SDS lum rates were pooled for each genotype, the amount classes at the low inoculum rate in Experiments 1 and of variation in field DX explained by greenhouse DS 2 and at moderate inoculum rate in Experiments 2, 3, was 65%. Therefore, reduced inoculum rates (3500-and 4, the moderate inoculum rate was more consistent 5000 spores cm Ϫ3 plant growth medium) will provide in separating SDS classes. The moderate inoculum rate greenhouse DS values that are a better predictor of field also resulted in more efficient selection with the lowest rate of elimination (10%) of field resistant lines. Hence, DX. Field DX was held constant for all three regres- progenies. Crop Sci. 36:1165-1170. Njiti, V.N., M.A. Shenaut, R.J. Suttner, M.E. Schmidt, and P.T. GibThe assay described above will allow for multiple son. 1998b . Relationship between soybean sudden death syndrome cycles of testing per season and reduce the time to both disease measures and yield components in F 6 -derived lines. Crop produce and verify new resistant cultivars. The assay will reduce the costs of data loss due to field variability. Njiti, V.N., R.J. Suttner, L.E. Gray, P.T. Gibson, and D.A. Lightfoot. Finally, the assay will facilitate the isolation of SDS 1997. Rate-reducing resistance to Fusarium solani f. sp. phaseoli underlies field resistance to soybean sudden death syndrome. Crop resistance genes by rapid characterization of recombi- nants during fine mapping. Nyquist, W.E. 1991 . Estimation of heritability and prediction of selection response in plant populations. Crit. Rev. Plant Sci. 10(3):235-322.
